The thermally induced modifications of the zeolite-like lithosilicate In particular, extra-framework Li cations located within porous 8-and 10-membered ring-channels, where these Li cations were partially coordinated with zeolitic water in the original structure, migrate into densely packed Li 2 O-layers after dehydration. As a result of the migration, the number of empty sites relevant for Li hopping in Li 2 O-layers decreases, which give a negative effect on the long-range charge transfer in dehydrated RUB-29. Its DC conductivity values estimated from AC impedance spectra lie between 2 · 10 À5 and 6 · 10 À5 S cm À1 at 873 K, and a low activation energy of 51 kJ/mol (ffi 0.53 eV) could be determined for the bulk charge transfer process in dehydrated RUB-29.
Introduction
The chemistry of families of zeolite-like silicate materials built with [(T, Si)O 4 ]-tetrahedra (T is usually Al 3+ ) has been extended in recent years with the discovery of several synthetic lithosilicates in which Li + act as a ''T species ' ' in open silicate frameworks [1] [2] [3] [4] [5] [6] . Among these zeolite-like lithosilicates, RUB-29 (Ruhr-Universität-Bochum, phase # 29): Cs 14 Li 24 [Li 18 Si 72 O 172 ] AE 14H 2 O is of particular interest because it shows a high degree of Li mobility [1] . In RUB-29, edge-and corner-sharing [LiO 4 ]-tetrahedra are connected to form so-called layer-like building units (LLBU's) [1, 6] . Each pure Li 2 O-layer is located in-between SiO 2 -layers which contain channels with pore openings of 8-or 10-membered rings (MRs) of [SiO 4 ]-tetrahedra (Fig. 1) . The characteristic open framework is created by alternating arrangements of single LLBU of [LiO 4 ] and that of [SiO 4 ] parallel to the crystallographic c-axis (Fig. 1 ). This connection gives rise to two rare secondary building units (SBUs) [7] containing 3-membered rings (3MRs) of framework tetrahedra (so-called (Li, Si)-spiro-5 [1, 2] and (Li, Si)-spiro-3, 5 [1] ). From the point of view of crystal chemistry, a high rate of site-exchange has been predicted for Li in RUB-29. This is based on the presence of partially occupied edge-sharing [LiO 4 ]-tetrahedra within densely packed Li 2 O-layers where Li cations can find shorter pathways for charge transportation (about 2.5 Å ) [6] . This feature is unusual in known Libearing zeolites [8] [9] [10] . Most Li-exchanged microporous materials contain only extra-framework Li cations far apart from each other in porous cages and channels. Thus the topology of RUB-29, containing closely spaced sites in the Li 2 O-layer ( Fig. 1) , offers a new type for Li conduction in zeolitic materials. In RUB-29, there are also readily ionexchangeable extra-framework Li cations along with disordered Cs cations and water molecules at more separated sites in the 8-and 10-MR channels (Fig. 1) . On the whole, at least three types of mechanisms for Li conduction can be considered with RUB-29: through the Li 2 O-framework layers; through the channels and pore intersections; through site-exchange processes of Li + hopping between framework and extra-framework sites. This unusual circumstance is unique to RUB-29, and its variations offer a high degree of potential for Li-conductivity tuning by substitution in both framework and extra-framework sites.
Discussion of the cationic conductivity in zeolite-like materials is greatly simplified when they are studied in their dehydrated forms, since water molecules in microporous structures significantly influence the mobility as well as characteristic energies of the metal cations [8] [9] [10] . Hydrated cations have a weaker interaction with the negatively charged framework. As a result, the cations can move more readily through the lattice such that the conductivity increases with the degree of hydration.
To investigate the structural basis for the unusual Li + conductivity properties of dehydrated RUB-29, neutron powder diffraction data were collected at various temperatures. At room temperature they contain a number of weak reflections that cannot be indexed using the basic cell of assynthesized RUB-29 (I222, 11 · 17 · 24 Å 3 ) [11] . On the basis of crystallographic considerations, the corresponding superstructure can be extremely large, for which an ordering of extra-framework constituents is very likely. In general, structure analysis of such a large superstructure has to deal with serious peak overlap in powder diffraction patterns. At the same time, a much larger number of atomic parameters need to be refined. Even the average structure of RUB-29 is an extremely complex with 46 crystallographically independent sites [1, 6] . The combined use of synchrotron X-ray single crystal data, to provide a large non-overlapping reflection list, and high-resolution neutron powder diffraction, which is more sensitive to the detection of lithium in presence of cesium, could help in the solution of structural problems displaying non-trivial crystallographic issues such as dynamic and static disorder punctuated by problems of superstructures. We have performed a wide range of measurements at temperatures between 4 and 1073 K, to explore the crystal symmetries adopted by dehydrated RUB-29 in its low-and high-temperature forms (named as LT-and HT-d-RUB-29, respectively, where -d-stands for 'dehydrated'). Analysis with synchrotron single crystal diffraction data collected below [1, 6] . For clarity, the framework is represented by sticks joining Si-and Li-centers of SiO 4 and LiO 4 . The sites Cs3, Cs4, Cs5, Cs6, and Cs7 are available also for water molecules statistically disordered with Cs cations. In the Li 2 O-layers presenting 3MR's, Li cations are apart from each other in two different Li-Li distances (about 2.5 and 3.4 Å ). In the SiO 2 -layers, there is the main pore system of 8-/10MRs-channels.
and at room temperature of dehydrated RUB-29 (LT-d-RUB-29 [12] ) revealed one-dimensional incommensurably modulated structures in superspace group symmetry I222(a00)000 [13] . The locations of satellites pairs are almost unchanged with a small increase of q-vector from 0.56a * at 120 K to 0.59a * at 293 K. Unequal intensities of satellite pair and missing superstructure reflections in the h 0 l-plane indicate an ordering fashion, which can be induced by occupational fluctuations combined with transverse displacements of atoms parallel to the b-axis [14] . Structure analysis of the incommensurately modulated structure of LT-d-RUB-29 is in progress, and details will be reported elsewhere.
The hopping frequencies of various possible Li motions expected in RUB-29 probably cover a wide range from fast and locally limited to slow long-range motions, requiring a combination of techniques like nuclear magnetic resonances (NMR) and quasi-elastic neutron backscattering (QENS) spectroscopy. Such experiments have been carried out. Unfortunately, there is a limited ability of 6 Li MAS NMR to resolve isotropic chemical shifts from Li at several unique crystallographic sites (eight in RUB-29), and/or to resolve fast motions between closely spaced sites. As a complementary tool, quasi-elastic neutron scattering [15, 16] was applied in an attempt to probe the fast dynamics in RUB-29 at the instrument IN10A at ILL (Institut Laue-Langevin, Grenoble, France), covering a frequency range of 0.2-2 GHz. This investigation is still at an early stage, and no unambiguous conclusions can thus yet be drawn. While a signal indicative of the motion of water molecules in as-synthesized RUB-29 at room temperature could be observed, no evidence of any Li motion could be found in the dehydrated form, either due to a too weak scattering, or due to the motions out of the frequency scale of this instrument. The faster Li motions may be between $10 À4 s, based on results of 7 Li MAS NMR [1] , and $10 À9 s, the time scale of QENS at IN10A. Nevertheless, these results and further fixed window measurements point to the change of dynamic in RUB-29 upon dehydration and agree with results from structural analyses. Experimental details of these QENS experiments are given in [17, 18] . Therefore we concentrate on the true structures of the hightemperature forms of dehydrated RUB-29. The structural changes after dehydration are discussed in relation to the Li dynamics with supporting evidence from AC impedance spectra.
Experimental
In a typical reaction for synthesizing RUB-29 [1, 6] , a mixture with a molar composition 1SiO 2 : 0.23Li 2 O: 0.23Cs 2 O: 0.08TEAOH: 40H 2 O was aged for 5 days at room temperature with slow stirring. The resulting highly basic, clear solution was charged into large 120 ml Teflon-lined stainless steel autoclaves (Parr). The reaction vessels were kept in a convection oven at 493 K for 10 days. The crystalline product contains only RUB-29 with no impurities. Larger crystals of RUB-29 with an edge length of 80-150 lm could be obtained by adding 0.5 mol of a 40% HF solution into the reaction mixture. The milky starting gel was charged into a small 23 ml Teflon-lined autoclave (Parr) and then heated at 473 K for two weeks. In this case, aggregates of the known microporous lithosilicates RUB-23 [2] coexist with large crystals of RUB-29 in the crystalline product.
The thermal behavior of RUB-29 was characterized by dehydration experiments using time-resolved synchrotron X-ray powder diffraction techniques [19] with a wavelength k = 0.9274 Å , determined by using a LaB 6 standard at beam line X7B in the National Synchrotron Light Source at Brookhaven National Laboratory, NY, USA. A powder sample of RUB-29 as-synthesized was packed into a 0.5 mm silica capillary, and the open end of the capillary was attached to a standard goniometer head in parallel Debye-Scherrer geometry. The rotating capillary was heated by a hot air stream from 293 up to 1273 K with a ramping rate of 4.1 K/min. The powder diffraction patterns were continuously recorded behind a 4 mm wide vertical slit, thereby exposing a slice of an imaging plate-detector translated behind it.
For high-resolution neutron powder diffraction (HRNPD) experiments, it is necessary to eliminate the detrimental effects of incoherent scattering from hydrogen. This was achieved as follows: 2 g of RUB-29 was dehydrated by charging the sample into a Pyrex-glass tube and mounted on a vacuum line overnight at 473 K. This material was then exposed to heavy water (D 2 O) vapor for one day. The deuterated sample was again dehydrated at 473 K in vacuum for about half a day. These D 2 Oexchange and dehydration procedures were repeated twice before the glass tube was sealed up in vacuum to avoid rehydration. The data collection was carried out at the timeof-flight instrument HRNPD (High Resolution Neutron Powder Diffractometer) at ISIS, Rutherford Appleton Laboratory, Chilton, UK. For collecting data, the sample of dehydrated RUB-29 was recharged into a vanadium can within a glove box. A series of HRNPD data were measured on three different detectors (154°, 90°, and 30°) at 473 and 673 K.
In the preparation for X-ray single crystal diffraction (XSD) experiments, the easily reversible re-hydration in dehydrated zeolitic materials requires consideration. For the present study, it was critical to keep the dehydrated crystal from atmospheric moisture during the experiment. This was achieved by dehydrating in situ during data collection in the following manner: a plate-like single crystal of as-synthesized RUB-29 (80 · 80 · 20 lm 3 ) was affixed with a smear of grease onto the tip of a 0.3 mm diameter quartz-glass capillary. This was packed into a 0.5 mm quartz-glass capillary so that the crystal was jammed between the two capillaries without wiggling during the high-temperature measurements. The measurement of XSD data was performed at the instrument F1 at Hamburger Synchrotronstrahlungslabor (HASYLAB) at Deutsches Elektronen-Synchrotron (DESY). Intensities were registered with a CCD camera (MAR345, 2k) positioned at 60 mm from the crystal. Data were collected in /-scan mode from 1°to 181°in steps of 0.5°(D/) with k = 0.7100(3) Å (Si(111) monochromator) over a wide range of temperatures using a hot nitrogen gas oven. The data collection was carried out initially with 20-30 snap-shots at constant / (=1.0°and 1.5°) while increasing the temperature from 293 up to 473 K in order to monitor the dehydration process. Subsequently, high-temperature data were measured at 473, 673, 873, and 1073 K. During the measurement at 1073 K, discontinuities of the data were observed, which could be due to phase transitions or decomposition of the sample.
The first AC impedance spectroscopy (IS) measurements with RUB-29 were conducted at laboratories of the Institute of Inorganic Chemistry at Rheinisch-Westfälische Technische Hochschule Aachen (RWTH). The dehydrated material compacted to a pressed pellet (pellet thickness = 0.106 mm, diameter = 5 mm) in an argon flooded glove box was placed between plane-parallel platinum electrodes within the high-temperature cell. The complex impedance Z * (m) was recorded in a frequency range 10 1 6 m 6 10 7 Hz and a temperature range between 298 K and 873 K at intervals of 10 K at a nitrogen pressure of 0.2 Pa. IS measurements were carried out with Impedance Analyzer Agilent 4192 A applying an amplitude of 100 mV. The second cycle of measurement was performed with identical pellet and setting directly after the first run. The second set of IS data with a pressed pellet (diameter = 4 mm and thickness = 1 mm) of RUB-29 was measured at Department fü r Geosciences at LMU on an impedance analyzer (high-precision Hewlett-Packard LCR-meter 4284A). After the pellet was dehydrated within the measuring cell at 473 K in nitrogen atmosphere overnight, electrical linearity of the sample response was probed in 2 V. The IS spectra were recorded twice in the frequency range 20-10 6 Hz upon heating and cooling between 423 down to 923 K at intervals of 20 K in N 2 atmosphere.
Results

3.1.
Dehydration experiments using time-resolved synchrotron X-ray powder diffraction In contrast, other zeolite-like beryllosilicates and zincosilicates containing 3MRs, such as lovdarite [20] , gaultite [21] , and synthetic zincosilicates VPI-7 [22, 23] and RUB-17 [24] , are stable only up to 523 K [22] . Fig. 2 . Time-resolved synchrotron X-ray powder diffraction pattern collected during continuous heating of as-synthesized RUB-29 from 293 to 1273 K. A discontinuity was observed between 373 and 473 K due to the water loss. After the dehydration, the structure of water-free RUB-29 is stable up to 1073 K, whereupon a reconstructive phase transition or sample decomposition accounts for the second discontinuity.
Synchrotron X-ray single crystal diffraction (XSD)
Each data set was indexed and integrated using the program package XDS [25] and reciprocal lattice planes were reconstructed using the software XCAVATE [26] . Reconstructed reciprocal planes of XSD data collected at 473, 673, and 873 K show exclusively main reflections (i.e. no structural modulation) which can be indexed in I222 with a cell dimension of approximately 11 · 17 · 24 Å 3 , i.e. the basic cell of as-synthesized RUB-29 [1] , except for reflections due to a second grain in the RUB-29 sample (Fig. 3) . These high-temperature structures of dehydrated RUB-29 are denoted HT-d-RUB-29_473 K, _673 K, and _873 K, respectively. The last data set collected at 1073 K contained extra reflections of an unknown crystalline phase, which became amorphous after a while at 1073 K. These observations confirm the results from the in situ X-ray powder dehydration experiments (Fig. 2) , i.e. that RUB-29 is thermally stable up to 1073 K.
The structures at 473, 673, and 873 K were solved by direct methods [27] . Initial E-map calculations revealed some sites for framework Si and extra-framework Cs sites. Identification of missing sites and their contents were performed by least squares refinement and difference Fourier synthesis using the program package SHELXL-97 [28] . The site Cs7 determined for Cs disordered with zeolitic water in the original structure of RUB-29 [1] could not be found (Table 1) . The structure models obtained were further refined with neutron powder diffraction data for several reasons: (1) due to the observation of a second individual in the sample (Fig. 3) ; (2) the low diffraction range near to d = 3.1 Å was excluded since the Debye-Scherrer rings of both quartz capillaries (Fig. 3) makes it difficult to correctly integrate intensities of HT-d-RUB-29; (3) an analysis with the X-ray data alone is insufficiently sensitive to Li-sites because of the low X-ray scattering cross-section of Li (cf. Section 1). The latter disadvantage of X-ray scattering is aggravated at elevated temperatures.
Structure refinements of HT-d-RUB-29 with HRNPD data
Rietveld refinements were carried out using the program package GSAS [29] with the starting models for HT-d-RUB-29_473 K and _673 K, derived from XPD data analysis. For fitting three HRNPD profiles measured on three different detectors at each temperature (473 and 673 K), zero point, cell parameters and peak-form functions were refined simultaneously. The HRNPD pattern of HT-d-RUB-29 can be indexed within space group I222 with a = 11.2058 (2) Rietveld refinements included atomic parameters of oxygen, silicon, cesium, and framework and non-framework lithium sites, step-by-step. The framework was geometrically constrained with d(Si-O) = 1.61 Å ± 0.01 Å and d(Li-O) = 2.0 Å ± 0.02 Å , as additional information about the lithosilicate framework. Group-specific atomic displacement parameters for all O, Si, and Li sites were refined with occupancy = 1, while those for all Cs sites were initially calculated for the values of occupancies determined from the XSD analysis (Table 1) . With these constraints in place, and assuming the oxygen and silicon sites were fully occupied, occupancies for the Cs and Li-sites could be refined simultaneously.
In agreement with the XSD analysis, the sites Cs1, Cs2, and Cs3 (Fig. 4a) are fully occupied by Cs cations, whereas Cs4, Cs5, and Cs6 (Fig. 4a-c) show partial occupation. The final stages of Rietveld analysis included simultaneous refinements of atomic parameters for all framework and non-framework constituents with isotropic atomic displacements, as well as occupancies of all Cs and Li sites. The six different Li sites (Li1-Li6) located within the Li 2 O-layers (Fig. 5 ) are almost fully occupied by 42 Li atoms within the standard deviations of their occupancies (Tables 2 and 3 ). Compared to the original structure of as-synthesized RUB-29 ( Fig. 1) , no extra sites for Li could be found in 8-and 10-MR channels. Furthermore, in agreement with the XSD results, none of Li and Cs could be found at the site Cs7. On the other hand, the sites Cs4, Cs5, and Cs6 can be occupied either by Cs alone, or by both Cs and Li. The latter case was not necessary to be concerned, as the final Rietveld calculation with respect to the former case agreed with an idealized structural formula of Cs 14 Li 42 Si 72 O 172 for water-free RUB-29 within the standard deviations of occupancy parameter. The atomic parameters of both HT-d-RUB-29_473 K and _673 K resulting from neutron data are given in Tables 2 and 3 , respectively. The good fit at both temperatures is presented in Figs. 6 and 7. Selected interatomic distances for framework and non-framework constituents are supplied as supporting materials accompanying this report.
AC impedance spectroscopy (IS)
The plot of the real (Z 0 ) versus the imaginary part (Z 00 ) of the impedance Z * (x) (Argand plot) shows a semicircle and a low-frequency tail (Fig. 8) , which is typical for ionic conductors [30] . This is seen most clearly for the data at 773 and 873 K. The semicircle is caused by at least one ionic relaxation mode [30] , and a decreasing diameter of the semicircle with increasing temperature indicates a thermally activated process. In accordance with reports on the ionic conductivity of zeolites [8] [9] [10] , the data obtained were further analyzed by means of the spectral plot of the imaginary part of the modulus M 00 (=2pmC 0 Z 00 , m: measuring frequency, C 0 : capacitance of the empty capacitor) to overemphasize the high frequency (HF) part of the spectra by a factor of 2pmC 0 [8] . Consequently, the modulus spectra allow ready visualization of relaxation processes, especially at high frequencies, which might be hidden in the Argand plot. The modulus-plot resulting from the first heating run gave rise to three maxima, all having almost identical intensities. The resonance frequency, m res , the frequency at the maximum of M 00 , is shifted towards higher frequencies with increasing temperature for all peaks. This was analyzed by means of an Arrhenius plot (Fig. 9 ) and the activation energies, E A , of the corresponding processes determined using the Arrhenius relation
A 0 is a pre-exponential factor that depends on the charge and number of the mobile species, its on-site oscillation frequency, and on the hopping distance [30, 31] . The complex admittance (conductance) Y * (m) is a value of the complex specific conductivity r * (m) scaled by the sample geometry d/A (thickness d and electrode area A). As can be seen in Fig. 9 , the Arrhenius plot of the first heating run shows two activation energies of 102 and 233 kJ/mol for the lower frequency (LF) relaxation processes. These LF processes were shifted towards higher frequencies and accompanied by a significant decrease in their activation energies (74 and 110 kJ/mol) in the second heating run. The first run resulted in E A % 85 kJ/mol for the middle frequency (MF) process, whereas this completely disappeared in the second heating run. Thus, these processes can be considered as interparticle relaxation processes, i.e. ionic conductivity passing through the grain boundaries. As mentioned above, for the MF process, the possible influence of molecular water and/or moisture is excluded by the careful dehydration of the material in vacuum followed by preparation of the pellet in an argon glove box. Above 483 K, HF processes were not detectable because of shifting of the frequency out of the measurable frequency window. The corresponding E A determined in a temperature range of 373-483 K from the first run is 54 kJ/mol. In contrast to the other, LF and MF, processes, the resonance frequency of this process and its E A were almost constant in the second heating run (51 kJ/mol ffi 0.53 eV). This suggests that the process is caused by intraparticle relaxation process, i.e. a bulk process.
The overall DC conductivity r for dehydrated RUB-29 was calculated from the low frequency intercept of the impedance plots (i.e. the diameter of semicircle) [32] . They lie between 2 · 10 À5 and 6 · 10 À5 S cm À1 at 873 K, resulting from all runs of IS measurements performed at two laboratories at RWTH and LMU.
Discussion
The framework of the original structure of RUB-29 ( Fig. 1; [1,6 ]) displays eight different sites for Li cations, which could be classified in three groups: each unit cell (4) 12 (2) The final Rietveld-refinement resulted in overall discrepancy indices: wR p = 0.0293 and v 2 = 2.867 ½wR p ¼ ðM=RwI Fig. 1 ), or 3-fold coordinated with three framework oxygens (Li8 in Fig. 1 (Fig. 5) .
Therefore, from the point of view of crystal chemistry, it is difficult to attribute the sites among Li1-Li5 to extraframework Li. All of 42 Li cations present in the unit cell are exclusively located within LiO 2 -layers, where they are statistically distributed at 44 interstitials. More importantly, the refined structure models of HT-d-RUB-29_473 K and _673 K indicate that eight non-framework Li cations per unit cell found in as-synthesized RUB-29 must migrate from the large pore space into the Li 2 O-layers after the water loss. In the absence of water molecules, Cs and Li cations can satisfy their coordination requirements closer to the negatively charged [(Li,Si)O 4 ]-framework. Of course, the smaller Li cations (5) 18 (2) The final Rietveld-refinement resulted in overall discrepancy indices wR p = 0.0288 and v 2 = 2.244 (P = 153; N = 3250).
can more readily migrate into the densely packed Li 2 O-layers than large Cs cations. The site Cs7 in the structure of hydrated RUB-29 (assynthesized) was assigned to one for statistically disordered water molecules and Cs cations [1, 6] . As mentioned in the previous section, however, the site Cs7 is occupied neither by Cs nor Li in HT-d-RUB-29_473 K and _673 K. This is another indication that non-framework Li cations prefer to be within the Li 2 O-layers when there is no zeolitic water. Moreover, the present study using HRNPD data combined with XSD clearly show that, before water loss, this site must have been preferentially occupied by water molecules and not by Cs cations, because the refined models of dehydrated RUB-29 show no evidence of Cs at the Cs7 site. Furthermore, the short interatomic distance 2.8(4) Å from Cs7 to Si5 supports the assumption of water molecules present at this site prior to water loss. There are no remarkable changes in the occupancies for all Li and Cs sites between 473 and 673 K (Tables 2 and 3 ). This is consistent with the small number of empty sites remaining in the Li 2 O-layers for the Li conduction and the lack of suitable sites for Li in the large pores once water molecules are no more present.
The open framework lithosilicate RUB-29 contains unusual 3-membered rings being stable up to 1073 K. The high amount of Li (42 Li atoms per unit cell), resident in both framework and extra-framework parts of the structure, provides a variety of possible pathways for mobile Li + , and this zeolite-like material represents a new type of solid-state Li-cationic conductor. The refined crystal structure elucidated the reason for the decrease of favourable pathways in RUB-29 after the water loss: the migration of non-framework Li cations from the large pore space into the Li 2 O-layers leads to a decrease in the number of empty sites available for Li hopping within the Li 2 O-layers, i.e. a decrease of favourable pathways. This is the structural basis for the barely improved conductivity, determined by AC impedance with dehydrated samples of RUB-29 above 473 K.
A conductivity value of $10 À6 S cm À1 at 473 K was estimated in the previous study using variable-temperature 7 Li MAS NMR [1] . The same value for the bulk ionic conductivity was evaluated, however, at a higher temperature (653 K) from AC impedance in this study. Note that all possible charge transports not only by Li, but also by Cs cations might have contributed the bulk conductivity value estimated from the IS spectra. Without further complementary experiments, however, it is not possible to assign this HF relaxation process with certainty to particular site-exchanging ionic species of RUB-29. This may be one reason for the overall conductivity values evaluated with impedance spectra being smaller than those previously estimated with 7 Li MAS NMR spectra, as the latter arise exclusively from the mobility of one species, i.e. 7 Li. In this context, relaxation modes due to local motions and/or fast conduction of framework Li cations could be outside the frequency range of AC impedance spectroscopy technique (>10 7 Hz). A bulk conductivity of 6 · 10 À5 S cm À1 of RUB-29 determined by IS at 873 K is lower than that of Li-analcime (5.4 · 10 À4 S cm À1 at 873 K) known as the best Li-ionic conductor among zeolites, so far [33, 34] . In addition, the bulk conductivity of RUB-29 is far from the superionic conductivity value of $10 À2 S cm À1 at room temperature. Nonetheless, an activation energy of 0.53 eV calculated for the HF relaxation in RUB-29 is at the lowest region of values reported for ionic conductivity in zeolites [ [8] [9] [10] 33, 34] , and comparable to those for spinel- [35] and perovskite-type oxides [36] , and for halides [37] . The low activation energy is indicative of the ease with which charge transfer occurs in RUB-29. This may trace back to the structural property providing short pathways for Li hopping. The present work indicates that the disposition and occupation of the non-framework cation sites are primary factors tuning the configuration the Li 2 O-layers and, hence, they greatly influence the dynamic and static disorder of Li over the entire lattice. This insight will be implemented in developing RUB-29-type materials with high Li conductivity. Fig. 9 . Arrhenius plots for dehydrated RUB-29 obtained from the first heating run. To activate the high frequency (HF) relaxation process the system needs to overcome an energy barrier (E A ) of 54 kJ/mol in a temperature range from 373 to 483 K. From the second run, the E A for the HF process showed only a small decrease from 54 down to 51 kJ/mol. This almost constant value of E A from different experimental runs indicates a bulk relaxation process.
